Post-translational modification of proteins with hydrophobic lipid-derived substituents is increasingly becoming recognized as a major route for targeting proteins to membranes. Glycosylphosphatidylinositol (GPI) anchors are found at the C terminus of a wide range of cell surface proteins, and may endow the cell with the ability to release them in a controlled fashion via specific phospholipases. We have concentrated on the direct attachment (acylation) of long-chain fatty acids (myristate, Ci4;o and palmitate, Ci6;o) to proteins associated with the cytoplasmic face of cellular membranes. Two such proteins, the products of the src and ras oncogenes, require acylation respectively with myristate and palmitate for their membrane association and biological activity, including transformation. N-terminal myristoylation of pôO"* seems to be a cotranslational stable modification. However, our recent results show that post-translational modification of p2Vas is a complex cascade of events involving proteolysis, méthylation and thioesterification of palmitate. This last acylation event is dynamic in vivo and may regulate ras function. Enzymological studies of these modification events are in progress. A better understand ing of acylation may provide targets for future pharmacological intervention.
Introduction
Understanding the targeting of proteins to specific subcellular sites is a major problem of modern cell biology. Even in the simplest 'non-polarised' cell types many membrane domains with different compositions and functions exist, which must be accurately sought out by their constituent proteins. The cell has devised multiple mechanisms to direct proteins to, and across, specific membranes. Most transmem brane or secreted proteins are cotranslationally translocated across the membrane of the endoplasmic reticulum. Sorting of proteins to distinct locations occurs during intracellular transport, probably at the exit side of the Golgi complex (Pfeffer & Rothman, 1987; Griffiths, 1989) . Proteins destined for mitochondria locate their target membranes and insert post-translationally (Schatz, 1987; Pon et al. 1989) . These proteins contain hydrophobic or amphipathic peptide sequences which mediate their membrane association. A number of proteins apparently lacking any obvious 'membrane binding' sequences nevertheless show strong, detergent-sensitive binding to cellular membranes. These include the products of the src and ras 150 oncogenes which post-translationally associate with the cytoplasmic face of the plasma membrane. It is now clear that membrane association of these proteins is dependent on their covalent modification with long-chain fatty acids. Acylation of proteins with fatty acids belongs to a family of hydrophobic modifications of proteins with lipid-derived moieties. Here we review these modifications and report our recent observations on the mode of membrane association of the ras proteins in particular.
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Hydrophobic modifications of proteins
The individual types of hydrophobic modification found in eukaryotes will be described below. However, it is useful to make some general points about these modifications. Table 1 indicates a small selection of the over 100 proteins reported to be modified in these ways. It can be seen that representatives of almost every type of protein can be found. Indeed it can be estimated that at least 20% of all cellular proteins carry some hydrophobic modification. The variety of these proteins indicates that the hydrophobic moieties must have diverse biological functions. In fact many of these proteins are not generally regarded as being associated with membranes. This may suggest the possibility of transient membrane-association, or that the modifications may actually be involved in interactions between protein molecules and not involving membranes at all. The properties of the best understood hydrophobic modifications are diagrammed in Fig. 1 .
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Fatty acid acylation
This can be defined as the direct covalent linkage of long-chain fatty acids to protein and falls into two distinct categories.
(1) Palmitoylation. Long-chain fatty acids covalently linked to protein were first observed in myelin proteolipoprotein. These consisted mainly of palmitic (Cig;o) and stearic (Cjg. o) acids. This illustrates the point that 'palmitoylation' is something of a misnomer, since the acylating machinery seems to accept some variation in chain length. Interest in acylation was rekindled when it was found that viral transmem brane glycoproteins were palmitoylated (Schmidt, Bracha & Schlesinger, 1979; Schmidt & Schlesinger, 1980) . This type of modification has been found to be common in transmembrane proteins, although by no means universal. Cytosolic 152 A. I. Magee and others proteins in general are not palmitoylated. Linkage of the fatty acid is generally through thioester linkage to cysteine residues. In the few cases where the acylation site has been defined it has been localized to cysteines in the cytoplasmic sequences of the protein, located within a few residues of the transmembrane regions. An exception to this is myelin proteolipoprotein, where linkage is to a threonine residue in the extracytoplasmic domain (Stoffel et al. 1983) . The direction of the polypep tide chain seems unimportant since both N-in, C-out proteins (e.g. transferrin receptor; Jing & Trowbridge, 1987) and C-in, N-out proteins (e.g. histocompati bility antigen; Kaufman et al. 1984) can be acylated. The function of the acyl group in these proteins is obscure, since they would be expected to be membrane-bound irrespective of acylation, due to their membrane-spanning peptides. A role for acylation in membrane fusion events has been suggested (Lambrecht & Schmidt, 1986) . Elucidation of function will probably require detailed analysis of acylationdeficient mutant proteins after site-specific mutation of cloned genes. Palmitoylation is an early post-translational event, occurring in the endoplasmic reticulum or cisGolgi, and utilizes palmitoyl-coenzyme A as the fatty acid donor. In vitro systems have been reported (Berger & Schmidt, 1984; Riendeau & Guertin, 1986) but no enzyme has been purified thus far. Palmitoylation is frequently a stable modification. However, in a number of cases the acyl moiety has been found to turn over much more rapidly than the protein backbone (Omary & Trowbridge, 1981; Staufenbiel, 1987) , suggesting a dynamic role in protein function.
A second class of thioester-linked palmitoylated proteins are located at the cytoplasmic face of cellular membranes. These include ras and related proteins and their properties will be described in detail below.
(2) Myristoylation. Soon after the observation of palmitoylation of viral glyco proteins, a second type of acylation was reported. A number of amino-terminally blocked proteins were found to contain the saturated 14-carbon fatty acid myristate, amide-linked to the or-amino group of glycine (Aitken et al. 1982; Schultz & Oroszlan, 1983) . The sequence requirements for this modification have been well defined using synthetic peptides and purified myristoyl transferase (Towler et al. 1988) . Glycine is invariably the modified residue, the initiator methionine having been previously removed. Residues in the first seven positions have an influence, particularly at position 5. The myristoylating enzyme is also highly specific for acyl chain length; this is essential since myristate is only a minor acyl chain in mammalian cells (1-5 %). Myristoylation occurs co-translationally using myristoyl-coenzyme A as the acyl donor. Interestingly many myristoylated proteins are found in the cytosol, as well as membrane-bound (Magee & Courtneidge, 1985) . The occurrence of this fatty acid on cytosolic proteins raises the possibility of transient-association with membranes, as has been suggested for the 80K (K = 103Mr) protein kinase C substrate (Aderem et al. 1988) . The hydrophobicity of myristate is significantly lower than that of palmitate and stearate despite the apparently modest difference in chain length. Nevertheless, myristoylation can undoubtedly mediate strong mem brane binding, as has been shown for p60src (see below). Whether this is due to insertion of the acyl chain in the lipid bilayer, or to binding to a myristate 'receptor' is Fatty acylation and membrane targeting 153 not clear. Unlike palmitate, myristate has invariably been found to be a stable modification.
Glycosyl-phosphatidylinositol (GPI) anchors
Phosphatidyl-inositol specific phospholipases C (PI-PLC) were shown several years ago to release a subset of cell-surface proteins from a number of cell types (Low, 1987) . It has since been found that many proteins are attached to the outer surface of the plasma membrane via covalent attachment to a complex glycosyl-phosphatidyl inositol (GPI) anchor (Ferguson & Williams, 1988) . This attachment occurs via amide linkage of the ar-carboxyl of the C-terminal residue to ethanolamine in the anchor. Attachment of preformed GPI occurs rapidly after removal of a C-terminal peptide extension, probably in the endoplasmic reticulum. The peptide extension is relatively short (17-35 residues), of variable hydrophobicity, and is believed transiently to allow association of the protein with the membrane until the GPI anchor can be added. The glycan part of the GPI anchor is characterized by containing one or two ethanolamine residues, a non-Ar-acetylated glucosamine, three mannose residues, and a variable number of galactose and phosphate residues. This structure is attached via the glucosamine a-{\ -* 6) to the inositol ring of PI.
A number of functions have been proposed for GPI anchors. The ability specifically to release a subset of cell surface proteins by activation of an endogenous PI-PLC might be useful: such enzymes certainly do exist in eukaryotic cells. It has been suggested that the increase in lateral mobility of these proteins in the membrane, behaving essentially as lipids, might be important. Finally, the GPI anchors have the potential to act as second messengers mediating signal transduction. Cleavage of a GPI anchor by a PI-PLC or a phospholipase D would release diacylglycerol or phosphatidic acid respectively. Both of these molecules are known to have effects on cellular metabolism and growth regulation. The hydrophilic head group of a family of molecules related to GPI anchors, but not linked to protein, has also been reported to regulate metabolic enzymes (Saltiel & Cuatrecasas, 1986) . Production of this head group by a PI-PLC cleavage of a GPI-like molecule is stimulated by insulin. None of the preceding functions for GPI anchors is as yet well established.
Polyisoprenyla tion
Recently a novel modification not shown in Fig. 1 has been identified, which involves the attachment of a polyisoprenoid derivative in thioether linkage to cysteine residues in several proteins. This was first observed as farnesyl addition to fungal mating factors, where it may play a role in secretion (Ishibashi et al. 1984 ). This modification is now known to occur in mammalian cells, notably on nuclear lamins (Wolda & Glomset, 1988) . Isoprenoids are precursors to a wide range of cellular metabolites such as dolichol, vitamin A and cholesterol. Biosynthesis proceeds by addition of five-carbon units derived from mevalonic acid, to produce branched unsaturated alkyl chains. Polyisoprenylation of proteins is envisaged to increase their affinity for membranes. 
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Fatty acid acylation of oncoproteins
In most of the examples noted above the function of the hydrophobic modification is unknown. However, in two cases an extensive investigation of the role of fatty acid addition has been undertaken. These proteins are the products of the src and ras oncogenes respectively and thus have the added interest that they play major roles in signal transduction, growth regulation and oncogenic transformation.
Myristoylation of p60STC
The product of the src oncogene was first reported to be acylated in the seminal paper of Sefton et al. (1982) . These authors labelled Rous sarcoma virus-infected cells with [3H]palmitate and found incorporation of label into p60src. Subsequently it was shown that the label was actually incorporated as myristic acid, due to chain shortening from palmitate (Buss & Sefton, 1985) . It was also found that the normal non-transforming cellular homologue p60c~src was also myristoylated, and that this modification could not account for differences in properties of the two proteins (Magee & Courtneidge, 1985) . Like other myristoylated proteins, p60src is cotranslationally acylated in amide linkage to the amino-terminal glycine, after removal of the initiator methionine (Buss et al. 1984; Garber et al. 1985) . It is then transported as a complex with two other proteins to the plasma membrane with which it posttranslationally associates.
The importance of myristoylation for membrane localization has been demon strated by a series of elegant experiments involving manipulation of cloned v-src genes. The myristoylation signal has been mapped to the amino-terminal seven residues (Kaplan et al. 1988 ) and shown to be required for correct membrane association (Pellman et al. 1985a) . Indeed, when fused to a heterologous normally soluble protein, the first fourteen amino acids of p6CPr can direct membrane binding (Pellman et al. 1985b) .
The crucial experiment demonstrating the necessity for acylation to confer function to p60src is shown in Fig. 2 (Kamps et al. 1986 ). Mutant src proteins lacking the amino-termirial glycine were generated and shown to be deficient in myristoyla tion and membrane binding. These proteins showed apparently normal tyrosine kinase activity in vitro and phosphorylated a similar set of proteins in cells expressing them. However, they were completely devoid of transforming ability. This suggests that the membrane-association of the p60irc tyrosine kinase is required for transform ation, and implicates membrane substrates as relevant targets. It also shows that the majority of proteins phosphorylated on tyrosine after Rous sarcoma virus infection are not sufficient to mediate transformation, and may not even be necessary.
Palmitoylation of p21rss ras oncogenes were first identified as transforming genes isolated from mammalian retroviruses, and subsequently from human tumour tissue. Approximately 20-30 % of all human tumours contain 'activated' or over-expressed normal ras genes. Like other oncogenes the ras genes have normal non-oncogenic counterparts (proto- oncogenes) which exist in the genome and are expressed in nearly all cells of the body. The highest levels of expression are in non-proliferating tissues, especially brain. Thus ras genes are believed to be involved in the control of both cell growth and differentiation (Barbacid, 1987) .
Fatty acylation and membrane targeting
In mammals there are three ras genes, called Harvey (H-), Kirsten (K-) and N-ras respectively. These three genes code for highly homologous proteins of approxi mately 21K and 189 amino acids (p21ras) which differ mainly in their carboxyterminal regions. The proteins possess guanine-nucleotide binding and GTPase activities. These properties, and sequence homologies, have prompted the sugges tion that ras proteins belong to the family of so-called 'G-proteins', whose function is to transduce signals from 'detector' molecules (often a cell-surface receptor) to 'effector' molecules (such as adenylate cyclase) thereby producing a second messen ger. ras proteins attain their active conformation when they have GTP bound, and return to their inactive conformation when their intrinsic GTPase activity hydrolyses GTP to GDP. The role of 'detector' is envisaged as being a catalyst for the exchange of GTP for GDP at the active site. Activating mutations, which convert normal ras proteins to their transforming counterparts, occur as single amino acid changes around residues 12 and 61. These result in proteins with a decreased ability to hydrolyse GTP, making them constitutively active.
The biological function of both transforming and normal ras proteins is crucially dependent on their ability to localize at the inner face of the plasma membrane, where they probably interact with membrane-bound 'detector'. It is known that this localization depends on post-translational addition of a long chain fatty acid (palmitate) near the carboxy-terminus (Sefton et al. 1982; Willumsen et al. 1984) . A cysteine residue occurs at position 186, followed by the sequence A-A-X (A, aliphatic; X, any amino acid). Removal of this cysteine by site-directed mutagenesis G lu S e r S e r L y s P10 C30 C300 . Samples were immunoprecipitated with pre-immune mouse serum (n) or anti-ras monoclonal antibody Y13-259 (i). Molecular weight markers are shown on the right. Three forms of p21N'ras can be distinguished: pro-p21 is soluble and has an identical mobility to recombinant p21N'ras expressed in E. coli; c-p21 has a higher mobility and is soluble; m-p21 has the fastest mobility, co-migrates with acylated p 2 i N -r a s ancj m e m b r a n e -b o u n d . A mutant (186) with Ser substituted for Cys at position 186 does not undergo any significant processing and is not acylated.
abolishes acylation, membrane localization and function (Willumsen et al. 1984) . This CAAX sequence is found at the C terminus of many proteins and has been called the 'CAAX box' (Magee & Hanley, 1988) . We have recently identified a complex series of modifications dependent on this CAAX box which culminate in palmitoylation.
Pulse-chase analysis of the processing of p21N"ras ( Fig. 3) demonstrates the existence of three forms of the protein which can be resolved by SD S-PA GE. The primary translation product (pro-p21) is rapidly converted to a faster moving form (c-p21) with a half-time of approximately 10 min. Both forms are found in the cytosol. This is followed by conversion to a slightly faster moving form (m-p21) which comigrates with [3H]palmitate-labelled protein and is found in the membrane fraction. by Ser fails to be processed or acylated. We have further characterized these forms and their post-translational modifications. Fig. 4 summarizes our results thus far. During conversion from pro-p21 to c-p21 the protein becomes carboxyl-methyl ated, probably at the C-terminal cr-carboxyl group. This causes an increase in isoelectric point (pi). A further increase in pi occurs during c-p21 to m-p21 conversion, but the reason for this is unclear. p21ras proteins do not contain tryptophan in their primary sequence. We have investigated the possibility that the observed decreases in apparent molecular weight might be due to specific proteolysis. By introducing Trp residues into the C-terminal region of p21H"ras by site-directed mutagenesis we have been able to show that residues 187-189 are removed by a carboxypeptidase during conversion of pro-p21 to c-p21 (Gutierrez et al. 1989) . This places Cysl86 at the new C-terminus and it is presumably this residue which is methylated (Clarke et al. 1988) . Conversion of pro-p21 to c-p21 is also accompanied by the acquisition of hydrophobic properties by the protein, as judged by its ability to partition into the detergent phase of a Triton X-114 two-phase system (Bordier, 1981) . This precedes the addition of palmitate and is therefore suggestive of a second hydrophobic modification. We feel that the CAAX signal sequence codes for these coupled modifications, rather than for acylation itself. Indeed, acylation may be an additional modification which occurs in ras protein, but not in many other CAAX box-containing proteins.
We have started to examine the sequence requirements for these multiple processing events (Hancock et al. unpublished) . As already mentioned, disruption of the CAAX box by substitution of Cysl86 with Ser completely abolishes processing. This suggests that one or more of carboxypeptidase action and methylation are required for acylation to occur. Mutation of sequences upstream of Cysl86 can affect acylation without affecting pro-p21 to c-p21 conversion. Membrane association still occurs with such mutants, but to a lesser extent than with the wild-type, thus acylation can be at least partially dissociated from membrane localization.
If palmitoylation is not absolutely required for membrane association, what then is its function? Pulse-chase studies of the acyl moiety of p21rai proteins have shown that it is dynamic, turning over with a half-life of approximately 20min under normal conditions (Magee et al. 1987) . The palmitate moiety may therefore subtly control the interaction of ras proteins with membranes, thus modulating their activity. Both acylating and deacylating activities have been detected in membranes from cultured cells. The purification and characterization of all the enzymes involved in ras protein processing will thus be an important task for the future. In addition, the occurrence of many proteins containing the CAAX box suggests that these modifications will be of widespread importance in determining membrane localization.
Conclusions
Many examples exist of proteins whose association with membranes is dependent on their modification by one or more lipid-derived hydrophobic moieties (Table 1 ). The mechanisms of these modifications are beginning to be understood. However, a number of outstanding questions remain. Why, for example, are many myristoylated proteins found in the cytosol? What is the purpose of fatty acyl groups on transmembrane proteins? Do hydrophobic substituents interact directly with the lipid bilayer, or are there specific receptor proteins for any or all of them? This last question has a natural corollary. Nearly all of the membrane-bound proteins modified with hydrophobic moieties are reported to be in the plasma membrane. It is difficult to see how an acyl chain can target a protein to a specific intracellular membrane.
The role of hydrophobic modifications in the function of many oncoproteins highlights their importance (Fig. 5) . In some cases, e.g. pp60irc, the modification irreversibly directs the protein to the membrane. In other cases, e.g. p21rai, acylation is reversible and may play a regulatory role. This provides exciting opportunities to devise novel means of understanding and manipulating the function of transforming proteins.
